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Abstract Visual and auditory information has dominated
the field of virtual reality (VR). Evaluation of the role of
sensory stimulation in VR has highlighted olfactory
stimulation as a potentially powerful yet underutilized
therapeutic tool. Early studies of immersive environments,
which were run as experiments, incorporated smell in the
virtual experience; however, olfaction in virtual environ-
ment design and development has arguably failed to
maintain a position commensurate with its sensory ca-
pacity, exemplified by the paucity of research and possible
application. A review of the literature suggests that olfac-
tion as a component of virtual environment exposure
therapy may be a useful addition in the treatment of post-
traumatic stress disorder (PTSD) a mental health condition
triggered by a terrifying event, either experiencing or
witnessing it. Symptoms may include flashbacks, night-
mares and anxiety, as well as uncontrollable thoughts about
the event. However, to investigate the role of olfaction
further research is required in the formulation, display,
staging and customization of scent, coupled with an in-
depth analysis of the role of olfaction in cognitive function,
memory, emotion and creation of presence, particularly in
the context of VR treatment of PTSD. Benefits of olfactory
therapy may, however, be compromised by the fact that
olfactory identification deficit has been noted as a com-
ponent of PTSD. Investigation is required into causative or
reactive mechanisms that may underlie olfactory deficits
and into suitable VR therapeutic protocols that could be
designed to address these deficits. Additionally, ongoing
VR technological developments may deliver increasing
affordability and portability in terms of VR treatment op-
tions, particularly regarding head-mounted display units. A
cyberpsychological consideration of the problem of PTSD,
that is, an inter-disciplinary approach combining tech-
nology and psychology learning’s may merit consideration.
A review of findings suggests that research protocols fo-
cused on olfaction as a variable in a multi-sensory VR
exposure therapeutic program may positively impact on
treatment outcomes in PTSD population.
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While visual and auditory information has dominated
the field of virtual reality (VR) to date, it can be argued that
olfaction may have a vital role to play in virtual reality
therapy. According to Chen (2006), ‘‘scents are extremely
evocative in the virtual world, they can shift attention, add
novelty, enhance mental state and add presence’’ (p. 580).
Additionally, odor can facilitate recall (Larsson 1997),
thereby having potential to address longstanding memory
retrieval issues concerning traditional exposure therapy.
Posttraumatic stress disorder sensory graded immersion;
a step-by-step staging process in VR has been explored by
a number of researchers. The Josman et al. (2008)
simulation of a terrorist bus-bombing attack allowed for
graded or staged exposure protocols. Staging in this context
can be described as follows: A therapist controls the
severity of the scenario and senses stimulated via the
pressing of different function keys. Similarly, in a VR
delivery requiring user immersion in simulations of trau-
ma-relevant environments, emotional intensity of scenes
can be staged, that is, precisely delivered by a clinician
personalizing the exposure for the individual patient in a
controlled manner (Rizz et al. 2006).
Among others, Josman et al. (2008) and Rizzo et al.
(2006) have explored the dynamics, design and the role of
multi-sensory staged input in VR applications. Some of the
most important research has centered on posttraumatic
stress disorder (PTSD) population differential diagnosis,
including exploration of syndrome-specific symptoma-
tology, resulting in notable progress. Posttraumatic stress
disorder has been defined as follows: ‘‘the essential feature
of posttraumatic stress disorder (PTSD) is the development
of characteristic symptoms following exposure to one or
more traumatic events’’ (DSM–5; American Psychiatric
Association 2013, p. 274). Posttraumatic stress disorder in
veteran populations is a serious issue, with reports of some
22 veterans taking their lives every day, resulting in a
suicide every 65 min (Basu 2013). In August 2012, the US
government called for stronger suicide prevention efforts; a
year later, the US government announced $107 million in
funding for better mental health treatment for veterans with
posttraumatic stress and traumatic brain injury (TBI), no-
tably signature injuries of the wars in Iraq and Afghanistan
(Basu 2013).
Church and Brooks (2014) adopted a holistic approach
and focused on treatment of spouses of 218 war veterans
who were also affected by PTSD; it was reported that
following treatment spouses demonstrated substantial
symptom reductions. The multi-modal intervention incor-
porated emotional freedom techniques and other so-called
energy psychology methods to address PTSD symptoms. A
variety of complementary and alternative medicine mod-
alities for stress reduction and resource building was in-
corporated (Church and Brooks 2014). Energy psychology
has been described as an integrative approach to psy-
chotherapy, coaching and healthcare treatment rooted in
mind–body healing traditions that are many thousands of
years old. While Church and Brooks (2014) claim some
success with this therapeutic approach, it has been argued
that energy psychology is a somewhat unsupported and
‘‘pseudoscientific’’ movement (Bakker 2013). It has been
argued that there is little empirical support for the theories
that inform energy psychology techniques that support for
efficacy is methodologically weak and that treatment pro-
cess has not been able to demonstrate an effect beyond
non-specific and/or placebo effects (Bakker 2013).
While therapeutic approach incorporating alternative
treatment therapies such as energy psychology is beyond
the scope of this review, in terms of future research, it may
be nonetheless worthwhile to note these findings and to
consider the potential for virtual reality exposure therapy
(VRET) treatment of PTSD at an extended familial level.
Specifically, this review will focus on olfaction as a vari-
able in virtual reality exposure therapy of PTSD. Notably, a
number of studies such as Vasterling et al. (2000) and
Dileo et al. (2000) have supported the argument that PTSD
patients have significant olfactory deficits. These data
provide an opportunity to investigate cognitive aspects of
olfactory function in PTSD, leading to the consideration of
the use of remedial and therapeutic olfactory stimulation in
virtual reality therapy programs.
According to Doty et al. (1997), the first report of
posttraumatic anosmia (loss of smell) in the modern lit-
erature was Jackson’s (1864) description of a 50-year-old
man complaining of loss of smell after falling off a horse.
Historically, olfactory aspects were noted in the first di-
agnoses of PTSD in World War I, known at the time as
‘‘shell shock.’’ Later, olfaction was a constituent of early
VR technology research and development in the 1960s.
Despite early presentation, olfaction has apparently been
overlooked from a research perspective. This review will
consider the connection between emotion, memory and
smell. Posttraumatic stress disorder olfactory deficits will
be explored, as will delivery of odor stimulation in virtual
environments, and a case will be made for olfactory sen-
sory inclusion in VRET. Hypothetically, olfaction as an
element of multi-sensory reconstruction in a virtual envi-
ronment PTSD treatment program may positively impact
on the outcome.
2 Treatment of PTSD
Therapies to date for PTSD include both traditional and
innovative methodologies. Imaginal exposure is a con-
ventional treatment for PTSD, allowing patients to par-
ticipate in a desensitization process, that is, gradually
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confronting memory of trauma in a supportive therapeutic
environment. In 2007, the US Department of Veterans
Affairs funded a treatment review of PTSD literature,
2,800 abstracts were identified, 90 randomized clinical
trials, 37 pharmacotherapy studies and 53 psychotherapy
studies were selected for review. The study confirmed that
exposure therapy (ET) was the only treatment considered
effective, compared with pharmacotherapy, psy-
chotherapies, cognitive restructuring, coping skills training
and group psychotherapy (Institute of Medicine 2007).
Exposure therapy has, however, been called a ‘‘cruel cure,’’
evoking unpleasant memories and therefore distress in
patients (Olatunji et al. 2009); nonetheless, confronting
memory of traumatic events is a central tenet of imaginal
exposure therapy.
The effectiveness of imaginal exposure therapy has been
confirmed (Rothbaum et al. 2000; Rothbaum and Schwartz
2002); however, it has been reported that many military
veterans have difficulty retrieving and engaging in trau-
matic memories long enough to facilitate treatment
(Rothbaum et al. 1999). This problem was summarized by
Rizzo et al. (2006) as: ‘‘avoidance of the reminders of the
trauma is inherent in PTSD, and is one of the defining
symptoms of the disorder’’ (p. 236). Additionally, Jaycox,
Foa and Morral (1998) identified patient’s inability to
emotionally engage in imagination process as a predictor
for negative PTSD treatment outcomes.
Reger et al. (2011) evaluated the effectiveness of virtual
reality exposure therapy (VRET) for 24 active duty soldiers
seeking treatment following a deployment to Iraq or
Afghanistan. The study showed that virtual reality expo-
sure therapy resulted in significant reductions in PTSD
symptoms following an average of seven treatment ses-
sions (Reger et al. 2011). Additionally, 15 (62 %) patients
reported clinically meaningful, reliable reduction in PTSD
symptoms, thus supporting the effectiveness of exposure
therapy for active duty soldiers. These findings were sup-
ported by McLay et al. (2012) who tested a method for
applying virtual reality exposure therapy to active duty
service members diagnosed with combat posttraumatic
stress disorder (PTSD). Forty-two service members with
PTSD were recruited, 20 participants completed the treat-
ment, it was reported that of those who completed post-
treatment assessment, 75 % experienced at least a 50 %
reduction in PTSD symptoms. Notably, there were no ad-
verse events associated with VRET treatment, thus pro-
viding additional support for the use of VRET in combat-
related PTSD (Reger et al. 2011; McLay et al. 2012).
Virtual reality (VR) treatment of psychological and
physical disorders is well established (Glantz et al. 2003;
Rizzo et al. 2004). VR has been used to treat traumatized
victims from events such as: the Vietnam War (Rothbaum
et al. 2001), ‘‘September 11’’ (Difede and Hoffman 2002),
Iraq War (Gerardi et al. 2008) and motor vehicle accident
victims (Walshe et al. 2003). VRET has been constructive
in facilitating visualization and traumatic memory retrieval
(Rothbaum et al. 2001; Vermetten et al. 2007), and use of
virtual reality may, therefore, be useful in addressing
trauma recall avoidance, thus arguably improving on tra-
ditional imagination bound in vivo exposure therapy.
3 Virtual reality exposure therapy: sense-specific
gradual immersion
Two main virtual reality setups are used to immerse pa-
tients in a virtual environment, namely the head-mounted
display (HMD) and the computer automatic virtual envi-
ronment (CAVE). The virtual environment used by Roth-
baum et al. (2001), consisted of a basic hovering helicopter
simulation, experienced via an HMD, with therapist con-
trolled visual and auditory effects. The Rothbaum et al.
(2001) study reported a reduction in PTSD ranging from 15
to 67 %; however, there was no control group. Following
the attack on the World Trade Centre, Difede and Hoffman
(2002) developed a virtual environment with a gradual
immersion simulation process. Patients were exposed to
explosions, sound effects and virtual subjects jumping from
burning towers and reported a significant reduction in
PTSD symptoms following treatment; however, it was a
small study with only ten participants. Both Rothbaum
et al. (2001) and Difede and Hoffman (2002) indicated
positive results, albeit with limited participants and some
design flaws.
Rizzo et al. (2006) studied the design and development
of a virtual Iraq PTSD VR application; notably, olfactory
stimuli including the scent of burning rubber, cordite, body
odor, diesel fuel, Iraqi spices and gun powder were de-
ployed. While the need to add olfactory and tactile stimuli
in VR prototype environments was noted, no data were
reported to quantify its effectiveness in terms of gradual
staged (step by step) immersion. This gap in the literature
was partly addressed by the Josman et al. (2008) study that
measured participant distress precipitated by staged sensory
VR exposure. Results indicated that the staged addition of
sound to visual stimulation elicited emotional responses in
subjects incrementally, the more realistic the sensory en-
vironment, the greater the emotional response. However, a
study of sensory modality in VR therapeutic environments
(DiScalfani 2012) reported that overall virtual reality ex-
posure, including visual and auditory stimulation, was
sufficient to evoke distress. It was reported that the addition
of olfactory and tactile stimulation did not have a significant
impact. The authors did, however, note a number of
limitations including independent variable considerations
and potential experimenter effects (DiScalfani 2012).
Virtual Reality
123
Overall findings support the implementation of sense-
specific staged stimuli in VR treatment of PTSD, and the
need to make the experience as real as possible. However,
the way in which sensory modalities may work together to
heighten stimuli sensation in VR PTSD treatment method-
ologies requires further study.
4 Olfactory stimulation in virtual reality applications
The role of visual, auditory and haptic stimulation in VR
systems has been established (Rothbaum et al. 2001; Difede
and Hoffman 2002; Josman et al. 2008). Olfactory input has
had a relatively minor role in VR application and research to
date; conversely, olfaction plays a critical role in experiencing
the physical world (Chen 2006). Historically, ‘‘interest in
psychology and olfaction grows annually; traditionally re-
search on vision and audition has tended to dominate be-
havioural sciences’’ (Chu and Downes 2000, p. 111). Chen
(2006) argues that since inception VR has been overly in-
fluenced by visual stimuli, tactile and auditory information
have been incorporated; however, olfactory information has
been largely ignored as a ‘‘minor sensory modality to the
virtual environment participant’’ (Chen 2006, p. 580). This
view is supported by Matsukura, Yoneda and Ishida (2013,
p. 606) who note that environment is perceived through in-
formation that is obtained from sensory systems ‘‘most of this
information comes from our eyes and ears; therefore, it is
natural that most research efforts on virtual reality systems
have been devoted to the development of visual and audio
displays for the realistic presentation of three-dimensional
images and surround sound.’’ Nonetheless, the authors note
that the sense of smell is often underestimated when com-
pared with vision, sound and touch, and therefore, may pro-
vide some explanatory value as to why comparatively less
attention has been paid to the development of olfactory dis-
play VR technology (Matsukura et al. 2013).
As outlined, in terms of treatment of PTSD, imaginal
exposure therapy is considered the most effective treatment
(Institute of Medicine 2007). However, psychological
aspects of trauma avoidance mean that recall of the trau-
matic event is often difficult for patients and may com-
promise the treatment (Rizzo et al. 2006; Jaycox et al.
1998). Notably, Rizzo et al. (2006) and Josman et al.
(2008) reported positive results regarding VR treatment of
PTSD. Additionally, sensory stimulation of visual, audi-
tory, haptic and olfactory senses elicited emotional re-
sponses in subjects incrementally, the more realistic the
sensory environment the greater the emotional response
(Rizzo et al. 2006; Josman et al. 2008).
Arguably the key to technological innovation concerning
VR treatments of PTSD may lie in the conceptualization of
the problem space as a persuasive design issue (Fogg 2009).
Figure 1 represents an adaptation of the Fogg behavior
model (Fogg 2009) and considers PTSD population moti-
vation, ability and triggers to recall traumatic events in a
diagrammatic context. Factor 1 Motivation to engage in the
treatment process: In a military context, research supports
that VR solutions are well received by soldiers and pre-
ferred over traditional talk therapies (Wilson et al. 2008).
Factor 2 Ability: Capability of the soldier to access treat-
ment is a key factor, portable HMD systems make it more
likely that treatment will be delivered immediately and in
the field (Rothbaum et al. 2001). Factor 3 Triggers: Ima-
ginal exposure therapy centers on the ability of the subject
to recall the traumatic event (Rothbaum et al. 1999). VR
treatment of PTSD has the potential to allow for staged
multi-sensory stimulation via visual, auditory, haptic and
olfactory methodologies that can serve as triggers for
memory and thus facilitate recall (Larsson 1997). The Fogg
(2009) model of persuasive technologies illustrates that
higher motivation and ability to participate, coupled with
effective triggers, increase the likelihood of generating the
target behavior, in this instance recall of the traumatic
event for effective treatment purposes.
5 Virtual reality and PTSD experimental design
Virtual technology is not a new idea, and Table 1 high-
lights how VR technology has evolved, building his-
torically on other related technical developments. Sensory
stimulation is noted, as are landmark experiments in VR
and VRET treatment of PTSD.
Over the past 100 years, many pioneers have helped to
develop virtual reality systems, and some highlights are as
follows: In the 1890s, Tesla proposed first principles and
systems to perform teleoperation; in the 1920s, Link
Fig. 1 PTSD VRET target behavior model. Adapted from Fogg
(2009)
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developed vehicle simulation, arguably a forerunner of
virtual reality technology. The 1950s saw the introduction
of ‘‘Cinerama’’ and ‘‘Smell-O-Vision.’’ In the 1960s, Ivan
Sutherland created the first head-mounted display (HMD)
attached to a computer system, and Morton Heilig intro-
duced the Sensorama an early example of immersive,
multi-sensory technology (Heilig 1962). In the 1970s,
Douglas Engelbart helped to shape the future of user in-
teraction via the mouse device, and Myron Krueger worked
with computer graphics and audio in the form of video
projection. Jaron Lanier is credited as the person who first
coined the term virtual reality in the 1980s. In the 1990s,
the ‘‘iSmell,’’ a cartridge with 128 primary odors, was
developed.
Buxton (1994) maintains that modern technologies have
failed to take advantage of all of our human physical
abilities, thus perhaps reflecting a distorted view of human
senses. For example, standard input devices such as key-
boards almost completely fail to take advantage of highly
developed human senses such as touch and control over
pressure. In terms of olfaction, smells inform regarding
immediate vicinity, be that burning toast or fragrant floor
polish. Similar to sound, a smell may be strongly tied to a
specific source (such as a perfumed flower) or smells may
form ambient mixtures in the background (such as the
powerful smell of pine trees in a forest). Cater (1992)
emphasizes the importance of ambient smell in a physical
environment in terms of creating a sense of presence in the
virtual environment. Sense of smell is constantly used to
inform us about our immediate environment, and therefore
logically in a simulated or virtual reality environment,
smell plays a key role, and researchers and technology
developers should focus on its potential.
In terms of the behavioral sciences, Spooner and
Pachana (2006) maintain that replication of everyday life
environments in laboratory experiments is crucial as it di-
rectly improves validity of results especially concerning
subtle interactions. In terms of the focus of this paper,
Table 1 Overview VR and PTSD experimental design
1890s Nikola Tesla: first principles and systems to perform teleoperation ‘‘Method of and Apparatus for Controlling Mechanism of Moving
Vessels or Vehicles’’ (US patent 613,809)
1920s Edwin Link: vehicle simulation—forerunner of virtual reality technology
1940s Teleoperator systems developed to create capabilities for handling highly radioactive material
1950s ‘‘Cinerama’’ developed using three-sided screens. Hans Laube invents the ‘‘Smell-O-Vision’’.
1960s Dr. Ivan Sutherland: synthetic computer-generated displays for virtual environments. Morton Heilig: ‘‘Sensorama’’ immersive, multi-
sensory technology
Philco and Argonne National Laboratory: head-mounted closed circuit TV system, incorporating virtual image viewing optics
1970s The cold war: Numerous military investigations add major contributions to the field of virtual reality, development of flight simulators
by NASA
Douglas Engelbart: shapes the future of user interaction via the mouse device
1980s Jaron Lanier: VPL research introduces term virtual reality
NASA: VIVED (Virtual Visual Environmental Display) and VIEW (Virtual Interactive Environment Workstation)
1990s DigiScents: iSmell computer peripheral device, contains cartridge with 128 primary odors—mixed to replicate natural and man-made
odors
2000s Rothbaum et al. (2001): VR PTSD study hovering helicopter simulation, experienced via an HMD, therapist controlled visual and
auditory effects
Difede and Hoffman (2002): VR PTSD study—gradual immersion simulation process
Haque (2004): ‘‘Scent of Space’’ interactive art installation
ATR Media Laboratories: air cannon type delivers odor in a targeted manner
Thanko (2005): Aroma Generator USB device—three cartridges for different smells
Rizzo et al. (2006): VR PTSD study: ‘‘Virtual Iraq’’ application with olfactory stimuli
Nakaizumi, Yanagida Noma and Hosaka (2006): odor-vapor-trapped vortex rings of air delivered via the air cannon
Yamada (2006): wearable-type display, suitable for HMD, tubes direct odor to the users’ nose, compact size
Josman et al. (2008): PTSD VR study measures participant distress precipitated by staged sensory VR exposure
2011 University of California San Diego Jacobs School of Engineering (2011): optimization and miniaturization of component that select and
release scents from 10,000 odors, positioned as a digital scent solution for TVs and phones
2013 Matsukura et al. (2013): ‘‘Smelling Screen’’ odor distribution facilitates perception of source
2014 FitzGerald, Richardson and Wesson (2014): implant mice with ipsilateral bipolar electrode in the olfactory tubercle
Facebook (2014): acquisition of virtual reality start-up Oculus VR
Baston (2014): reports experimental design ‘‘Birdly’’ linking Oculus Rift with auditory and olfactory stimulation
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replication of real-world stimuli is critical in terms of the
research design of VR therapeutic environments. Regard-
ing current VR design, Nakamoto et al. (2008) argue that
real-world auditory and visual perceptions are almost per-
fectly replicated, senses working together to create the
overall experience. However, according to Craig et al.
(2009), this simulation almost never includes chemosen-
sory perception. Arguably as olfaction is more complex to
implement and control (Chen 2006), use in VR environ-
ments remains more the exception than the rule. Barfield
and Danas (1995) first outlined this fact almost a decade
ago, maintaining that olfactory information has been
largely ignored as input to virtual environment participants
despite the fact that olfactory receptors provide a rich
source of information to humans. However, some research
to date has incorporated olfactory stimulation, for example,
in virtual environments for military training (Vlahos 2006),
fire-fighter training and medical diagnosis (Spencer 2006).
Barfield and Danas (1995) define virtual olfactory dis-
play as hardware, software and chemicals used to present
olfactory information to the virtual environment par-
ticipant. In order to provide a VR user with a sense of
smell, an olfactory display generates a vapor of odorous
chemical substances and then delivers it to the user’s nose
(Matsukura et al. 2013). Scent formulation and delivery are
both complex and expensive in virtual environments.
Haque (2004) designed ‘‘Scent of Space’’ an interactive art
installation incorporating a ‘‘Smell System’’ housed in a
gigantic wind tunnel. Smell was delivered to the user by
introducing an odor vapor in an airflow field; the large
scale of the system arguably limits its application par-
ticularly in therapeutic contexts.
Chen (2006) describes ubiquitous-type and wearable-
type scent display devices; ubiquitous-type display re-
sults in scent delivery to a large area, for example, a
CAVE, however, smells linger which makes switching
scent difficult, additionally timing of odor delivery and
concentration of the delivered odor cannot be precisely
controlled (Matsukura et al. 2013). ATR Media
Laboratories developed an air cannon-type mechanism
to deliver smell in a targeted manner to participants’
nostrils, controlled by an interactive application
(Yanagida et al. 2004); however, the system was sus-
ceptible to breakdown via clogging. Nakaizumi et al.
(2006) also designed a system whereby odor was deliv-
ered via air cannon. The device emitted odor-vapor-
trapped vortex rings of air, the collision of two odor-
containing vortex rings proximate to the user’s nostrils
generating a specific dimensional distribution of the
odor. However, Matsukura et al. (2013) point out that
odor presentation by this device is discrete in time and
that virtual odor sources that continuously release odor
vapor cannot be presented with this system.
Wearable-type display, developed by Yamada et al.
(2006), is suitable for HMD systems. The system features
tubes that direct odor to the users’ nose, and the compact
size allows the user to walk around in an immersive virtual
environment while being presented with odors. The Ya-
mada et al. (2006) system allowed that odor could be
switched from one scent to another using computer-con-
trolled solenoid valves, and intensity of odor presented to
the user could be altered via through the solenoid valves
which had the capacity to dilute odor vapor with clean air.
However, Matsukura et al. (2013) note that a limitation
of many olfactory display systems is that most of them
simply propel odor vapor directly at the user. They recently
proposed a new olfactory display system a Smelling Screen
that ‘‘could generate odor distribution on a two-dimen-
sional display screen… the generated odor distribution
leads the user to perceive the odor as emanating from a
specific region of the screen’’ (Matsukura et al., p. 606). In
virtual reality environments, arguably this technical de-
velopment may help facilitate congruence between the
actual VR scene and ambient olfactory odor. Arguably
such congruence may be a key factor in the creation of
presence in a VR environment, allowing the participant to
experience presence (Bystrom et al. 1999; Schubert et al.
2001), that is an actual sensation of ‘‘being there’’ (IJs-
selsteijn et al. 2000). Presence in VR environments will be
further discussed in this paper.
The recent purchase of the virtual reality headset de-
velopment company Oculus VR, by the social-networking
company Facebook, is arguably another significant mile-
stone in the history of VR (Zuckerberg 2014). Multi-sen-
sory stimulation and specifically olfaction would appear to
be of interest to social-networking technology companies
in a VR experimental context, evidenced by the recent
‘‘Birdly’’ research project which linked Oculus Rift tech-
nologies with auditory and olfactory stimulation tech-
nologies (Baston 2014). With over one billion users
worldwide, significant financial resources and a strong
commercial and pioneering ethos, Facebook may perhaps
be one of the optimum corporations to help develop VR
HMD units that have the capacity to incorporate sophisti-
cated odor display.
Given the complexity of both formulating and delivering
scent in VR environments, it may be useful to consider
some recent experimental developments in terms of ol-
factory stimulation. Odors have long been known to deliver
degrees of attractiveness or aversion (Locke and Grimm
1949); for example, the odor of burning flesh elicits a re-
pulsive reaction in humans, whereas the smell of freshly
baked bread is mostly pleasant (FitzGerald et al. 2014).
Control of odor hedonic-driven behaviors requires a fully
functional olfactory system, both to detect and discriminate
the stimulus, along with the ability to relay this information
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into emotional and reward-related brain structures. The
olfactory tubercle (OT) is an olfactory structure with
known anatomical connectivity into brain reward structures
(Wesson and Wilson 2011). FitzGerald et al. (2014) con-
ducted an interesting experiment consisting of implanting
male mice with an ipsilateral bipolar electrode directly into
the OT in order to administer electric current and therefore
activate this olfactory processing center. The authors of the
study confirmed that electrical stimulation of the OT was
rewarding, with mice repeatedly self-administering
stimulation. Results of this recent experiment perhaps offer
some hope in terms of olfactory stimulation in human
populations? Perhaps the future of olfactory stimulation of
PTSD patients in a VR treatment scenarios may involve
bypassing mechanical odor delivery solutions and focusing
on direct stimulation of the human olfactory structure uti-
lizing technology to produce the required stimulation.
Evidently, olfactory stimulation mechanisms have been
part of the developmental path of various human-centric
simulation technologies since the 1950s. Based on the ori-
ginal work of Crocker and Henderson (1927), it has long
been maintained that the human olfactory system can detect
over 10,000 different smells; however, a recent study pub-
lished in Science, a journal of original scientific research,
has made a remarkable claim that the human nose can ac-
tually detect more than one trillion different smells (Bushdid
et al. 2014; Davis 2014). The quantitative leap in terms of
the order of magnitude of detectable odors from thousands
to trillions almost defies intuition. A review of the study
methodology reveals that mixtures of 10, 20 and 30 com-
ponents drawn from a collection 128 odorous molecules
were employed in the study. Twenty-eight subjects par-
ticipated and performed forced-choice discrimination tests
between pairs of mixtures; each subject completed 264
discrimination tests (260 mixture and four control dis-
crimination tests). The results were reported as follows:
‘‘our results show that humans can discriminate
1.72 9 1,012 or 5.58 9 1,013 mixtures of 30 compo-
nents out of the collection of 128 odorous molecules.
1.72 9 1,012 may seem like an astonishingly large
number. However, there are 1.54 9 1,029 possible
mixtures of 30 from the 128 components used here.
Therefore, if there are 1.72 9 1,012 discriminable
stimuli, this means that for each mixture tested there
will be 8.95 9 1,016 other mixtures that cannot be
discriminated from it… our results therefore establish
only a lower limit of the number of discriminable ol-
factory stimuli. Although this lower limit of greater
than 1 trillion is several orders of magnitude more than
distinguishable colors or tones, it is presumably dra-
matically lower than the actual number of discriminable
olfactory stimuli.’’ (Bushdid et al. 2014, p. 1372)
Bushdid et al. (2014) acknowledge that one trillion may
seem like ‘‘an astonishingly large number,’’ and it is hard
to disagree with this sentiment; interestingly, the authors
maintain that one trillion may only be a lower limit, and the
actual number may be higher. In terms of comparative
sensory analysis, for example, in visual and auditory sys-
tems, it is estimated that humans can distinguish between
2.3 million and 7.5 million colors (Pointer and Attridge
1998) and 340,000 musical tones (Stevens and Davis
1938). Given the relatively limited number of participants
(N = 28) and limited range of odors employed (N = 128),
the results of this study are arguably more grounded in
complex mathematical probability equations as opposed to
large-scale quantitative empirical investigation. Addition-
ally, the authors provide no explanatory detail regarding
the significant gap between reported findings to date and
the results of their study. Therefore, while interesting, the
results should perhaps be interpreted with some caution
until follow-up studies have been able to support these
findings or not. The difference between the accepted
number of discriminable odors cited to date in scientific
publications as recently as 2 years ago (Kandel et al. 2013),
and new claims of up to one trillion are, however, sig-
nificant in terms of the marked discrepancy between the
figures and therefore points to a need for greater scientific
investigation of this phenomenon. Should a trillion or even
hundreds of millions of discriminable odors exist, it would
certainly present enormous challenges to the designers of
VR olfactory display systems.
Stimulus for odor consists of volatile substances mostly
lipid soluble and of organic origin, with a molecular weight
in the range of 15–300 (Carlson 2010). Sense of smell,
known as olfaction, centers on the nose as a sensory organ.
In the olfactory system, the olfactory mucous membrane
covers a small area in the roof of the nasal cavity and
contains olfactory receptor cells which pass scent infor-
mation to the olfactory cortex in the brain. Diffuse sus-
pensions of molecules, called odors, are analyzed by the
nose and are identified by their unique chemical signatures.
Human identification and discrimination of odor are com-
plex neurophysiological processes involving aromatic
molecules, olfactory receptors, olfactotopic coding and
processing of information received from the olfactory bulb
to the piriform cortex. In terms of olfaction, Carlson (2010,
p. 260) maintains ‘‘we do not yet know how maps of
chemical structure are combined to form maps of percep-
tual quality…presumably learning plays some role in the
process.’’
Behavioral scientists often note the paradox of A.I.,
psychologists arguably do not fully understand the work-
ings of the human brain, so how, therefore, can an artificial
intelligence be created if human intelligence is poorly
understood? It may in fact be the case that odor simulation
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provides a similar challenge to technologists, progress
being dependent on a comprehensive understanding of all
mechanisms and phenomena involved. While recent de-
velopments by researchers at the University of California
San Diego Jacobs School of Engineering (2011) show
promise in terms of optimization and miniaturization of
technology components releasing scents from 10,000
odors. However, it would appear from the latest research
regarding human smell discrimination (Bushdid et al.
2014) that it might require a far greater number of odors in
order to realistically replicate real-world olfactory
experience.
The Heilig Sensorama delivered an experience of riding
a motorcycle in Brooklyn with the wind, vibrations, 3D
view, and importantly, smells of the city (Heilig 1962).
Paradoxically, olfactory stimulation was very much a part
of the early days of immersive technology, yet has to a
great extent has been overlooked in contemporary VR re-
search and development (Chen 2006). Creating and deliv-
ering scent in a controlled environment has presented both
cost and complexity, perhaps delaying extended use of
olfactory stimuli in VRET, arguably compounded by the
lack of consolidated research to justify time, purpose and
investment.
6 Olfaction and the physiology of behavior
Clinicians have noted that particular trauma-associated
smells, such as napalm or diesel in combat veterans suf-
fering from PTSD, may serve as precipitants of emotional
memories and induce traumatic recall (Vermetten et al.
2007). Known as the Proust phenomenon: ‘‘Odors are
especially powerful reminders of autobiographical experi-
ence’’ (Chu and Downes 2000, p. 111). Second, only to the
visual system, a sense heavily utilized in VR, the olfactory
cortex receives information from approximately 40 million
olfactory receptor cells and is unique in having direct
projection to the amygdala. Furthermore, information from
olfactory receptors is sent to the hypothalamus, hip-
pocampus and the orbifrontal cortex (Carlson 2010).
Known as the limbic system, it is a complex set of struc-
tures located on both sides of the thalamus, just under the
cerebrum, and includes the hypothalamus, the hippocam-
pus and the amygdala. The limbic system is considered to
be responsible for emotional life and specifically the for-
mation of memories.
People often clearly recall a past experience associated
with a certain smell ‘‘odor-evoked memories…are at-
tributable to the anatomical structure of the brain…the
olfactory cortex in the brain has a direct link to the limbic
system, which is critical for the experience of emotions and
memories’’ (Matsukura et al. 2013, p. 606). Functional
imaging studies indicate that the amygdala in the limbic
system plays a role in the formation of emotional memories
(Cahil et al. 1996), the amygdala participating in the
emotional processing of olfactory stimuli (Mujica-Parodi
et al. 2009). Arguably there exists a strong triadic psy-
chophysiological relationship between olfaction, emotion
and memory. Smell is capable of altering emotional states
(Vermetten et al. 2007) and can facilitate recall (Larsson
1997; Chu and Downes 2000). Additionally, pleasant am-
bient odors can relieve stress and improve mental relax-
ation (Lehrner et al. 2000), thereby supporting an argument
that stimulating and relaxing odors should be considered in
VRET programs.
In terms of olfaction in PTSD and VR treatment, it is
perhaps useful to consider victim reports as in this area
‘‘odor perception can retrieve memories of life events with
personal meaning and elicit strong affective experiences’’
(Vermetten et al. 2007, p. 9). Murray (2002) describes
never being able to forget the smell of burning metal,
plastic and people that was in the air for months after the
World Trade Towers fell. Winkler (1991) an extract of rape
victim testimony reported, ‘‘the most gripping body re-
sponse was smell…the smells convinced me to tell the
police of these as part of the rapist’s crime’’ (p. 12). Both
accounts cite odor as significant in the traumatic experi-
ence, consistent with the intrusive thoughts model that
characterize PTSD. These accounts perhaps provide further
support of the need to investigate olfaction as a variable in
VR treatment of PTSD.
7 Olfaction and presence in virtual reality exposure
therapy
Virtual environments can affect human experience, pro-
ducing a sense of physical presence defined as the user’s
feelings of ‘‘being there’’ in mediated environments (IJs-
selsteijn et al. 2000). Presence is also defined as the im-
pression of non-mediation, whereby the user no longer
perceives the display medium (Lombard and Ditton 1997).
Sense of presence is central to psychological research in
VE’s (Schubert et al. 1999). Interaction is acknowledged as
one of the prime facilitators of presence in VE’s (Draper
et al. 1998; Lombard and Ditton 1997; Steuer 1992); in the
context of this paper, olfactory reaction may, therefore,
facilitate interaction and thereby increase sense of presence
in a VR environment.
However, according to Riva et al. (2007), mediums
unable to provoke feelings of presence or immersion may
produce low affective response rates. Additionally, Inter-
rante et al. (2012) argue that the relationship between
personality, presence and performance in immersive virtual
environments (IVE’s) is complicated and not easily
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captured by existing measures. However, increasing am-
bient information can increase perception of presence in
VR (Lombard and Ditton 1997). Matsukura et al. (2013)
maintain that presenting specific odors to the user of a
virtual reality system should create a more realistic expe-
rience. Therefore, olfactory stimulation as sensory input
may theoretically enhance feelings of presence in VR
environments.
The connection between olfaction and emotion has been
established (Mujica-Parodi et al. 2009); accordingly, odor
can elicit emotions, which may in turn help to facilitate or
create a sense of presence. Riva et al. (2007) maintain that:
‘‘the experience of presence is a complex multidimensional
perception formed through interplay of raw multi-sensory
data and various cognitive functions’’ (p. 46). Multi-sen-
sory implies a role for all senses, vision, audition, touch
and logically olfaction. Tangential to the concept of pres-
ence lies the notion of self-presence, first introduced by
Biocca (1997) to represent ‘‘user’s model of themselves’’
inside the virtual world. Biocca (1997) argues that aug-
menting self-presence, that is, feeling physically or emo-
tionally extended into the virtual environment improves an
individual’s experience within the environment. Perhaps
the introduction of odor variables as employed by Rizzo
et al. (2006) particularly customized experience informed
odors could enhance the concept of self-presence for PTSD
participants in VRET’s?
8 Olfaction identification deficit
Olfaction can influence emotion and affective response
(Vermetten et al. 2007), facilitate recall (Larsson 1997;
Chu and Downes 2000), increase sense of presence
(Lombard and Ditton 1997) and accordingly may have an
important role in VRET. However, two significant studies
have raised questions concerning the potential role of ol-
factory stimulation in VR treatment protocols. Vasterling
et al. (2000) conducted a study of Vietnam veterans. Fol-
lowing screening, 68 participants were divided as follows:
26 combat veterans with PTSD diagnosis, 26 combat vet-
erans without mental disorder and 16 non-war zone de-
ployed Vietnam combat veterans without mental disorders.
Olfactory identification ability in all subjects was measured
using a standardized smell test. Vasterling et al. (2000)
found that compared to veterans free of PTSD, veterans
diagnosed with PTSD exhibited some olfactory deficit, that
is, they exhibited less proficient performance on a well-
standardized olfactory identification test, clinically referred
to as microsmia (a lessening ability to smell).
Regarding other conditions, prior research has suggested
that olfaction is not affected in mood or other anxiety
disorders (Amsterdam et al. 1987). Olfactory processing
deficits have, however, been documented in Schizophrenia;
for example, Moberg et al. (1997) reported that patients
with schizophrenia displayed various dysfunctions specific
to different types of olfactory processing. Maternal stress
during pregnancy is a known teratogen (a factor that in-
terrupts fetal development) and has been associated with
autism spectrum disorders (Science Daily 2001). Bennetto
et al.’s (2007) study of 21 participants (aged 10-18 yrs)
with autism was compared to 27 matched controls with
typical development. Bennetto et al. (2007) found that ol-
factory identification was significantly worse among par-
ticipants with autism. Some 1,700 pregnant females were
among the many thousand individuals directly exposed to
the World Trade Centre attack. Yehuda et al. (2005)
established that low cortisol levels were a risk factor for
developing PTSD and suggested that traumatic experiences
can leave epigenetic marks that may also alter the stress
response in offspring (epigenetics: study of heritable
changes in gene activity not caused by changes in the DNA
sequence). These epigenetic factors could also perhaps
explain why some are more susceptible to stress than others
and why some people exposed to the World Trade Centre
attacks went on to develop PTSD while others did not.
Exploration of any potential relationship between olfactory
deficits, disparate syndromes and PTSD is beyond the
scope of this review; however, the area warrants further
investigation; perhaps, trauma is the common
denominator?
In terms of Vietnam veterans diagnosed with PTSD, the
Vasterling et al. (2000) findings are important; however,
the sample size was relatively small (N = 27). Addition-
ally, all veterans had suffered from PTSD for 25–30 years
and were older than the non-deployed control group
(Vasterling et al. 2000). A number were taking psy-
chotropic medications, hypothesized by some (Schiffman
1983) to affect olfaction; however, this finding does remain
inconclusive. Despite some shortcomings, the results are
arguably important; the authors of the study did recom-
mend that impulse and anger dyscontrol should also be
investigated. A follow-up study of Vietnam veterans di-
agnosed with PTSD (Dileo et al. 2008) confirmed the
Vasterling et al. (2000) findings, corroborating the presence
of significant olfaction identification deficits (OIDs) in war
veterans with PTSD, compared to a control group. Addi-
tionally, OID was identified as a predictor of aggression
and impulsivity in veterans suffering PTSD (Dileo et al.
2008). Once again, however, the sample group of veterans
with PTSD was small (N = 31). Additionally, findings
could not confirm whether OID pre- or postdated the PTSD
condition. However, the Sense of Smell Institute (SSI)
published a white paper in 2010 addressing the etiology of
olfactory dysfunction stating that ‘‘in patients with post-
traumatic olfactory loss, it is a characteristic that this deficit
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is only noted weeks or even months following the actual
incident’’ (SSI 2010, p. 2). In the case of war veterans with
PTSD, the SSI findings would appear to support the con-
struct that OID or related olfactory dysfunction may per-
haps postdate the pertinent traumatic event. These findings
are important in the consideration of any VRET method-
ology designed to incorporate some form of olfactory
stimulation therapy.
It is necessary to consider the precise relationship be-
tween olfactory deficits and PTSD as studies to date have
been inconclusive in terms of determining causation; this
may be partly explained by the focus on physiological as
opposed to psychological aspects of presentation. Vaster-
ling et al. (2000) could not conclude from their findings
whether PTSD leads to fronto-limbic dysfunction. Dileo
et al. (2008) argued that their study merely contributed to
‘‘emerging evidence of orbifrontal dysfunction in the
pathophysiology underlying PTSD’’ (p. 523). In the ab-
sence of definitive evidence concerning the causality of
olfactory dysfunction related to PTSD, it is necessary to
consider further research in this area. In terms of future
research, it may be productive to factor in potential psy-
chological contributory factors such as an olfactory-type
conversion disorder as discussed in the following section of
this paper.
9 A case for PTSD olfactory conversion disorder?
Olfactory dysfunction related to PTSD could perhaps be
considered in the range of Somatic Symptom and Related
Disorders (DSM–5; American Psychiatric Association
2013), as opposed to a discrete mechanical neurotrans-
mitter function affecting the orbifrontal region. Conversion
disorders (also known as functional neurological symptom
disorders) were common during World War I and II, in-
volving the loss of any sensory modality. Sensory symp-
toms or deficits are most common in the visual system
(blindness), the auditory system (deafness) or insensitivity
to feeling (anesthesia). However, there has been little re-
search into the possibility of a form of hysterical micros-
mia, potentially a major psychological trauma-related
conversion disorder of the limbic system. Reviewing the
literature, there is little reference to PTSD-induced
microsmia as a specific conversion disorder; however,
DSM–5; American Psychiatric Association (2013, p. 318)
does note the diagnostic criteria of conversion disorder as
‘‘one or more symptoms of altered voluntary and sensory
motor function…(F44.6) with special sensory symptoms
(e.g., visual, auditory, olfactory or hearing disturbance).’’
There exists an early noteworthy observation by the army
psychologist Myers who first used the term ‘‘shell shock.’’
Myers’ examination of a shell-shocked patient revealed
contracted visual fields and a loss of taste and smell, and
these symptoms had commenced when shells burst around
the soldier (Myers 1915). Notably, olfaction as a distinct
variable has been remarked on at early stage of sensory
empirical investigation of PTSD.
10 Olfaction: a staged component of virtual reality
exposure therapy
In order for VR olfaction therapy to be effective, it would
arguably be necessary to first of all address the patient’s
sensory deficits with a remedial VR therapeutic program to
attempt to restore a fully functioning sense of smell.
Conversion disorders are difficult to treat due to the lack of
well-controlled studies; however, Speed (1996) has had
some success with positive reinforcement cognitive be-
havioral therapy (CBT) a structured psychotherapy for
depression and modifying dysfunctional thinking and be-
havior. Arguably a treatment employing similar CBT-type
positive reinforcement in a multi-sensory virtual environ-
ment could also be considered. A multi-sensory ex-
perimental methodology for virtual environment treatment
of diagnosed olfactory deficit could be delivered in struc-
tured, staged sequential segments. In terms of experimental
research design, these segments may perhaps be structured
as follows: participants (utilizing head-mounted display
system) are guided through a virtual field of pink roses,
obtaining haptic feedback by touching the flowers, together
with an auditory description of the smell; these stimuli
would be accompanied by rose scent display; therefore,
visual, haptic, auditory stimulation would be reinforced by
olfactory stimulation. The therapeutic VR delivery process
could be further enhanced by the use of the Matsukura
et al. (2013) ‘‘Smelling Screen’’ display, which would help
to localize odor to a specific flower, and thus arguably
facilitate identification recall, potentially an important
therapeutic step in terms of addressing olfactory identifi-
cation deficits. It is established that sense of smell influ-
ences presence (Chen 2006), such olfactory ‘‘sensory
localization’’ may, therefore, facilitate immersion, pres-
ence and as such arguably enhance the VR experience of
the user (Chen 2006; Riva et al. 2007; Ischer et al. 2014).
In terms of VR olfactory display design considerations,
Matsukura et al. (2013, p. 607) describe the following:
the grass scent in a meadow is distributed almost
uniformly throughout the field since the odor source,
i.e., the grass, is uniformly distributed. However, if
there is a single rose flower in the meadow, the dis-
tribution of its sweet smell is localized around the
flower. The intensity of the perceived rose scent
changes with one’s relative position to the rose,
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which leads to the perception of the odor source
location.
The question is as follows: could multi-sensory expo-
sure to a scented entity with localized odor display
reawaken neural pathways compromised by trauma or ad-
dress olfactory identification deficits? In the case of some
form of conversion disorder, could an olfactory enhanced
VRET provide a dynamic environment for delivery of
CBT?
Regarding non-olfaction identification deficit PTSD
patients, they could proceed directly to a staged immersion
olfaction therapy, delivered in a sensory-rich virtual
environment.
Rizzo et al. (2006) proposed highly realistic virtual en-
vironments in their treatment design for PTSD. However,
Botella et al. (2010) argue that hyperrealism may not be
effective, and their findings indicate that customization may
produce better results. ‘‘Emma’s World’’ an adaptive and
flexible VR program designed to treat emotional problems
was used by Botella et al. (2010). The VR program allowed
therapists to customize unique environments for each par-
ticipant according to the significance of trauma on an indi-
vidualized basis. An application such as ‘‘Emma’s World’’
could be useful in customizing olfactory input as a staged
component of VRET treatment of PTSD. As outlined, VR
solutions are well received by soldiers and preferred over
traditional talk therapies (Wilson et al. 2008). Accordingly,
VR remedial olfactory customized therapy may be useful in
rehabilitating and treating patients suffering from PTSD of
both military and civilian causation.
Importantly, in terms of psychological trauma, recent
reports highlight growing incidents of PTSD in civilian
populations who moderate extreme content online for
technology companies. This work is increasingly carried
out in the Philippines, where moderators are paid as little as
a few hundred dollars a month for this work (Chen 2014).
This evolving labor force handles content moderation
which is the removal of obscene and offensive material for
US social-networking sites. Content viewed by moderators
includes extreme pornography, violent street fights, animal
torture, suicide bombings, child abuse material, horrific
traffic accidents and more recently hostage decapitations
(Chen 2014) and the burning alive of a pilot captive
(Adams 2015). Perhaps now that PTSD has been reported
regarding certain work practices in technology industries
(Chen 2014), this may now provide some impetus for these
companies to invest in technology led therapeutic protocols
to address PTSD, which would in turn benefit both civilian
and military populations.
Undoubtedly, continuing advances in immersive virtual
reality (IVR) technologies (Ischer et al. 2014) open up
possibilities in terms of future research. Ischer et al. (2014)
maintain that IVR technologies have become a promising
framework for immersion, involving more human senses:
sight, hearing, touch and notably smell. Ischer et al. (2014)
note that as a result of advancement in computer tech-
nologies, subject’s immersion in three-dimensional (3D)
experimental scenarios is improved; therefore, ‘‘sense of
presence’’ in the 3D world is increased. ‘‘These close-to-
reality experiences could possess a considerable potential
in research, either to obtain better treatment options for
people showing behavioral and cognitive deficits or to in-
vestigate fundamental hypotheses’’ (Ischer et al. 2014,
p. 2). Sense of smell influences presence (Chen 2006);
however, VR environments unable to provoke feelings of
presence or immersion may produce low affective psy-
chological response rates (Riva et al. 2007), therefore lack
of sense of presence in VR environments may negatively
affect therapeutic delivery. Presence and immersion are
key constructs within the discipline of cyberpsychology
described as the study of the impact of emerging tech-
nology on human behavior. According to Yan (2012), this
discipline and research approach will enjoy exponential
growth in years to come due to continued rapid accel-
eration of Internet technologies and the unprecedentedly
pervasive and profound influence of technology on human
beings. Barak and Suler (2008) maintain that scholars from
psychology and related fields who join the field of cy-
berpsychology will undoubtedly contribute to crystallizing
new ideas and perhaps to conquering a new scientific
frontier.
Arguably a cyberpsychology informed research approach,
that is, an inter-disciplinary perspective combining tech-
nology and psychology learning’s to date may help to inform
progress in terms of tackling the problem of VR treatment of
PTSD. Additionally, new considerations in terms of cyber-
methodology may facilitate experimental research design in
virtual contexts (Aiken and McMahon 2014).
In terms of technological progress, a lot of emphasis has
been placed on replicating real-life auditory and visual
perception in VR environments, senses working together to
create the overall sensory experience. However, Spence
and Gallace (2011, p. 273) note the lack of multi-sensory
experience associated with virtual shopping, maintaining
that ‘‘figuring out how to get ‘‘in touch’’ with the ‘‘Web-
savvy’’ consumer therefore constitutes one of the most
significant challenges for many companies in the market-
place today.’’ Scent display has been developed for use in
movie theaters (Nakaizumi et al. 2006), and as a special
effect in computer games (Nakamoto et al. 2008). How-
ever, of all the senses, olfaction would appear to be one of
the most complex to implement and difficult to control
(Chu and Downes 2000; Chen 2006), and this is arguably
why its use in VR environments remains more the excep-
tion than the rule (Ischer et al. 2014).
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11 Conclusions
Evaluation of the role of sensory stimulation in the field of
VR has highlighted olfactory stimulation as a potentially
powerful yet underutilized therapeutic protocol. His-
torically, olfactory deficit has been noted as a component
of PTSD (Myers 1915), and notably, early designs incor-
porated smell in the virtual experience (Mortonheilig.com
2010). However, arguably olfaction in virtual environment
design and development has failed to maintain a position
commensurate with its sensory capacity (Chu and Downes
2000; Chen 2006; Ischer et al. 2014), exemplified by the
paucity of research, application and likely associated de-
velopment cost factors.
Researchers have explored a multiplicity of VR appli-
cations suitable for a wide range of the traumatic event
victims (Rothbaum et al. 2001; Difede and Hoffman 2002;
Walshe et al. 2003; Gerardi et al. 2008; Josman et al.
2008); however, only one major study (Rizzo et al. 2006)
incorporated odor as a variable, nonetheless failing to
collect data relating to its efficacy. Two studies have,
however, highlighted a powerful relationship between ol-
factory dysfunction and PTSD (Vasterling et al. 2000;
Dileo et al. 2008). Results indicate that a significant cohort
of the PTSD population suffer from olfactory dysfunction
that clearly must be addressed before any stimulation, or
exposure therapy can be considered. These studies have
presented a major consideration in the treatment of olfac-
tion identification deficit PTSD patients. Nevertheless,
findings provide scope for the exploration of remedial ol-
factory therapeutic programs (Lehrner et al. 2000), incor-
porating staged (Josman et al. 2008), customized (Botella
et al. 2010), and localized (Matsukura et al. 2013) olfactory
stimulation and additionally facilitating recall (Larsson
1997; Chu and Downes 2000; Rothbaum et al. 2001;
Vermetten et al. 2007), evoking emotion (Vermetten et al.
2007; Mujica-Parodi et al. 2009), creating presence
(Lombard and Ditton 1997; Biocca 1997), and facilitating
immersion (Difede and Hoffman 2002; Matsukura et al.
2013; Ischer et al. 2014). The literature supports that such
an environment is likely to result in positive treatment
outcomes (Riva et al. 2007; Ischer et al. 2014).
Findings suggest that olfaction as a component of VRET
may be productive in terms of treatment of PTSD; how-
ever, research must be undertaken in the formulation, dis-
play, staging, customization and localization of scent,
coupled with an in-depth analysis of the role of olfaction in
cognitive function, emotion, creation of memory and re-
call. Importantly, Majid and Burenhult (2014) have chal-
lenged the notion that humans cannot verbalize their
experience of various smells. In their study of the Jahai
people of Malay, they found Jahais could express smells in
words at a much higher level of accuracy than their
English-speaking counterparts, arguing that the assumption
that people are bad at naming smells is not universally
valid. ‘‘Odors are expressible in language, as long as you
speak the right language’’ (Majid and Burenhult 2014,
p. 266); however, whether any language has the word
power to describe millions or a trillion odors is a debatable
question.
Furthermore, research is required into causative or re-
active mechanisms that may underlie olfactory deficit in
PTSD and perhaps other disparate syndromes that present
olfactory dysfunction. Undoubtedly, there will be contin-
ued debate as to the effectiveness of olfaction in virtual
reality. Arguably the literature supports a hypothesis that
olfaction as an element of multi-sensory reconstruction in a
virtual environment PTSD program may have a positive
impact. That is, with a proviso that research be undertaken
to maximize the potential and effectiveness of olfaction as
a variable in any form of virtual reality exposure therapy.
The authors have reviewed available technologies in
terms of odor delivery systems; there are many challenges
when considering the type of scents that may be required in
the treatment of PTSD. Typically, different odors are cre-
ated from a limited number of scents (Matsukura et al.
2013); however, VR delivery of unique battlefield
simulation ranging from burning flesh to the chemical
smells of explosive devices (Rizzo et al. 2006) undoubtedly
present specific challenges. Head-mounted display units
offer promising results in terms of VR PTSD treatment
in situ (Rothbaum et al. 2001), portability being a key re-
quirement in conflict scenarios. Recent developments such
as the ‘‘Smelling Screen’’ (Matsukura et al. 2013) may
offer greater opportunity in terms of enhancing immersion
in any VR PTSD treatment protocol; however, the size of
the current apparatus may limit its application in the field.
Perhaps a microversion of the ‘‘Smelling Screen’’ tech-
nology incorporated into an HMD unit may offer the best
combination of both methodologies? The entry of the be-
hemoth Facebook into the VR HMD market may offer
significant opportunities for research, investment and
technological developments in this area. Employment of
the Fogg (2009) model in the development of persuasive
technologies may also help to illuminate the research
process; however, further research will be required with
PTSD population to test this premise. Additionally, it may
be interesting to bypass the highly complex process of
scent formulation, delivery and display and explore direct
electrical stimulation of the olfactory tubercle (FitzGerald
et al. 2014). Perhaps some form of electrical stimulation
technology could be designed within a VR HMD unit and
therefore could automatically deliver olfactory stimulation
and simultaneously address some of the existing and on-
going limitations of mechanical odor formation and de-
livery systems.
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As always there are cost implications in terms of re-
searching and developing new technical prototypes, future
research projects are complex given the vulnerable nature
of the specific PTSD population under study. Emergence of
apparent online content moderation-induced PTSD ar-
guably provides impetus for technology companies to en-
gage actively in researching and developing VR
therapeutic protocols. Given likely cost-efficiencies of
technology facilitated early intervention immersive virtual
reality multi-sensory therapy, versus long-term standard
treatment of PTSD, further innovative research approaches
are undoubtedly commercially and scientifically worthy of
exploration. Following their $2bn acquisition by Facebook,
the founders of Oculus VR have predicted that in the next
decade, virtual reality will become ubiquitous, affordable
and transformative (Dredge 2014). Hopefully, the adoption
of a human-centric technological research approach can be
equally transformative and will positively impact on the
delivery of VR exposure therapy to PTSD population, a
Lickliderian symbiosis of man and machine in scientific
investigation.
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